ABSTRACT: A novel domino reduction/imine formation/intramolecular cyclization/oxidation for the efficient synthesis of pyrrolo(indolo)[1,2-a]quinoxalines and pyrrolo(indolo)[3,2-c]-quinolines from readily available nitrobenzenes and glycols is reported. The process utilizes the carbonyl by-product of the initial dioxomolybdenum(VI)-catalyzed reduction of nitroaromatics with glycols as a reagent for the imine generation. This method represents the first sustainable domino reaction for the preparation of biologically relevant heterocycles that internally incorporates the waste formed in the first step to the final product.
Nitroaromatics are readily available, abundant and inexpensive nitrogen sources, 1 which are typically reduced to the corresponding anilines as the initial step for accessing elaborated nitrogenated compounds. Nevertheless, the direct use of nitroarenes as starting materials, avoiding their prior reduction, is highly desirable for preparing value added nitrogencontaining products in one-pot tandem reactions. 2 In this field, the straight production of aza-heterocycles from nitrobenzene precursors has recently emerged as a powerful and highly efficient synthetic tool. 3 Also in the context of the development of sustainable synthetic methods, a highly interesting, although under-explored, approach consists in the fine-tuning of "one-pot" tandem reactions. Accordingly, the by-product generated in the first step of the sequence could be advantageously employed, as a reagent or catalyst, for the following one. In the development of this strategy, pioneered by Shibasaki 4 and Zhou, 5 most of the few reported examples are by-productcatalyzed reactions, i.e. processes in which the waste from one reaction catalyzes or modulates a subsequent step in one-pot reaction sequences. 6 Although some examples have been described in which a waste generated in a first step of a given reaction is recycled and employed as an essential reagent to facilitate the following step, 7 to the best of our knowledge, no precedent details the reuse of a by-product as a reagent, which ultimately is embodied into the final product.
Following our interest in the development of clean and efficient synthetic methodologies involving redox processes by using non-toxic and easily available dioxomolybdenum(VI) complexes as catalysts, 8 we have previously reported that nitrobenzenes could be efficiently reduced using pinacol as an oxygen-acceptor that releases acetone and water as the only by-products. 9 In addition, we have also demonstrated that a variety of glycols could be oxidatively cleaved with DMSO (Scheme 1). 10 Scheme 1. Our Previous Work on Dioxomolybenum(VI)-Catalyzed Reactions, and Proposed Sequence for the Synthesis of Polyheterocycles (this Work).
At this point, we envisaged a new tandem sequence for the synthesis of aza-polyheterocycles triggered by our Mocatalyzed reduction method of nitrobenzenes using pinacol, and potentially other glycols, as reducing agents. We also thought that the synthetic efficiency could be significantly improved by recycling the carbonyl by-product of the upstream reduction step, a carbonyl compound, as a reagent for the imine formation step, thus, incorporating it in the tandem reaction (Scheme 1). Herein, we report our results exploiting this concept that allows the preparation of a wide variety of interesting N-heterocycles from nitroaromatics.
With these goals in mind, we selected commercially or readily available 1-(2-nitrophenyl) pyrrole 1a and 1,2-diphenylethanediol 2a as model substrates for testing our initial hypothesis (Table 1) . After some experimentation, 11 and based on the conditions we had previously developed for the Mo-catalyzed reduction of nitroarenes with pinacol, 9 we found that the treatment of 1a with 2a (2.2 equiv) in the presence of a catalytic amount of a dioxomolybdenum(VI) complex, in DMA as solvent and under microwave irradiation at 180 °C, led to a mixture of the desired pyrroloquinoxaline 3aa and its dihydro derivative 4aa, proving our proposed concept (entry 1). Although the increase of reaction time or catalyst loading gave rise to higher 3aa/4aa ratios (entries 23), gratifyingly, we found that the addition of a sub-stoichiometric amount of a simple Brønsted acid like PTSA favoured the oxidation of 4aa to 3aa leading to the selective formation of pyrrolo[1,2-a]quinoxaline 3aa, which was isolated in 78% yield (entry 4). Although the cooperative effect between the dioxomolybenum(VI) catalyst and PTSA provides enhanced rates in the tandem process reduction/imine formation/cyclization/oxidation, the role of the added Brønsted acid is not crucial for the overall transformation. As previously well-established for several Pictet-Spengler reactions, 12 its function could be either to favour the cyclization or the oxidation step. In addition, the reaction could also be performed under conventional heating with only slightly lower yields, although an extra catalyst loading and longer reaction times were required (entry 5). It should be noted that pyrrolo-and indolo-quinoxalines are quite interesting heterocyclic compounds possessing a wide range of biological activities. 13 For their construction from pyrrole or indole derivatives, the Pictet-Spengler and BischlerNapieralski reactions are the most extensively used approaches, starting from 1-(2-aminophenyl) pyrroles or indoles.
14 Recent efforts in the field have been devoted to the replacement of the carbonyl counterpart by other reagents. 15 Taking into account that most of the reported methods for the synthesis of these N-heterocycles use anilines as starting materials, and the fact that these aniline derivatives are typically prepared by reduction of their nitroaromatic precursors, the development of methods for using nitroarenes as starting materials in one-pot processes represents a challenge in the field. 16 The next goal was to evaluate the scope of the new method ( Table 2 ). In a first set of experiments, the structure of the glycol 2 was varied. Functionalized secondary glycols 2b-d were reacted with model pyrrole derivative 1a leading to the corresponding pyrroloquinoxalines 3ab-ad in good to high yields (entries 24). Moreover, tertiary glycols 2e-g also participate in this tandem reaction and react with 1a under the same optimized conditions. In these cases, dihydropyrrolo[1,2-a]quinoxalines 4 were obtained due to the generation of a ketone as byproduct in the initial reduction of 1a with the tertiary glycol (entries 57). 17 Then, the functional group tolerance in nitroaromatic 1 was evaluated using pyrrole derivatives 1b-d, 11 bearing chlorine or methoxy groups at different positions, by their treatment with any of the glycols 2a-e (entries 813). Remarkably, this tandem process works nicely in most of the examined examples providing the final (dihydro)pyrrolo[1,2-a]quinoxalines 3 and 4 in good to high yields. Carried out under conventional heating at 170180 °C for 3 h (an additional 5 mol % of the catalyst was added after 1 h).
Due to the interest of functionalized ullazines (indolizino[6,5,4,3-aij]quinolines) in optoelectronics applications, a few approaches have been developed for their syntheses. 18 In this context, Langer and co-workers have reported the first preparation, as well as the physical properties of azaullazines, 19 whereas the only synthesis of related triazacyclopenta[c,d]phenalenes (diaza-ullazines) was reported by Balli in 1992. 20 So, we proposed to apply our methodology to access this type of interesting heterocycles. Thus, treatment of 1-(2,6-dinitrophenyl)pyrrole 1e with glycol 2a gave rise to the 3,9-diphenyl-substituted diaza-ullazine 5 in 50% yield (Scheme 2). Remarkably, the previous preparation of this compound reported by Balli from the same 1e was performed in three independent steps with an overall 14% yield.
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Scheme 2. Synthesis of Diaza-ullazine 5
In an analogous way, the reaction of 1-(2-nitrophenyl)indoles 6 with a selection of secondary glycols 2a,c enabled facile access to related indolo[1,2-a]quinoxalines 7, whereas reaction employing a tertiary glycol like 2f afforded the corresponding dihydroindolo[1,2-a]quinoxaline 8 (Scheme 3). Interestingly, a trifluoromethyl group does not interfere in the outcome of the reaction as shown with the preparation of 7ba. Again, we demonstrated that the process could be also performed under conventional heating (170180 °C, 3 h), and in this way 7aa was isolated in 83% yield.
Scheme 3. Preparation of Indolo[1,2-a]quinoxalines 7 and Dihydroindolo[1,2-a]quinoxaline 8af
At this point, we tried to extend the scope of this strategy for the direct synthesis of aza-heterocycles from nitroarenes to the preparation of pyrrolo-and indolo[3,2-c]quinolines. These heterocycle cores are present in natural alkaloids and several analogues with a wide spectrum of relevant biological or pharmacological properties. 21 Although there have been reported different syntheses for these heterocyclic derivatives, 22 most of them required expensive or multi-step preparation of starting materials, and displayed limited substrate scope or lack of functional group tolerance. Based on our previous results we proposed easily prepared 2-(2-nitrophenyl)pyrroles and indoles 9 as starting materials.
11 Thus, their treatment with a variety of secondary glycols 2, under similar reaction conditions as described for the synthesis of quinoxalines 3 and 7, afforded high yields of the intended pyrrolo and indoloquinolines 10 (Scheme 4). In addition, using tertiary glycols 2e,f dihydroquinoline derivatives 11 could also be obtained. 23 The reported examples also show the usefulness of glycols possessing substituents at the ortho-position (2h), as well as that there is no need to protect the nitrogen atom of the starting nitroarene, thus allowing the synthesis of N-H heterocycles (Scheme 4). In addition, indoloquinoline 10ca was also synthesized under conventional heating and isolated in 78% yield. Interestingly, the reactions of starting pyrrole derivatives 9a,b took place without the addition of the Brønsted acid, further proving that this cascade sequence could be catalyzed exclusively by the molybdenum complex with highly reactive substrates. In summary, we have shown that dioxomolybdenum(VI) complexes are able to catalyze the formation of a wide variety of pyrrolo-and indolo-fused quinoxalines and quinolines using easily available nitroarenes as the nitrogen source and glycols as the carbonyl source and reducing agents. The nitro reduction, imine generation, annulation with heterocycle formation, and final oxidation occurred in a new domino process that involves the incorporation of the carbonyl reduction byproduct into the final aza-heterocycle. Remarkably, this is the first report in which the waste by-product of a reaction has been used as a reactant for the next step and included into the final product, thus enhancing the overall atom economy of the process. This strategy offers an economic and clean method for the one-pot synthesis of these N-heterocycles, frequently found in biological active compounds, from nitroaromatics.
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